Bilabial stops /b/, /p/, and /m/ ostensibly share a common lip constriction. Recent evidence shows that different bilabial stops involve distinct facial muscle activations, suggesting that oral speech movements anticipate aerodynamic conditions [Gick et al. 2pSC1 Proc. Acoust. 2012 H.K.]. The present study investigates how the lips themselves behave in whole speech events. Existing models of speech production governing only articulatory motions predict that lip compression would respond to changes in aerodynamic conditions rather than anticipating such changes; a model that includes whole events predicts anticipatory activation of lip muscles with concomitant kinematic lip compression, but only in cases where a real increase in air pressure is expected. Lip kinematics were recorded using OptoTrak to trace lip movements of bilabial stops in response to imperative acoustic stimuli. Results show consistent anticipatory lip compression in spoken /b/, but not in non-speech jaw opening movements and only sporadic compression in mouthed /b/, where air pressure is not expected to increase. Biomechanical simulation using an orofacial model developed within the Artisynth simulation toolkit (www.artisynth.org) confirms anticipatory muscle activations. These findings support a model of speech tasks wherein coordinated body-level muscular systems govern whole speech events.
INTRODUCTION
Sounds sharing the same phonological feature may engage different body-level mechanisms in addition to their local articulatory constriction. Recent evidence shows that bilabial sounds sharing a common lip constriction, they exhibit differential activation of perioral muscles (Gick et al., 2012) : muscles in the cheeks and peripheral parts of the lips were tensed for bilabial oral stops [b, p] , anticipating the buildup of intraoral pressure, whereas no such tension was observed for the bilabial nasal stop [m] , where pressure released through the nose. Similarly, sounds showing similarities in supralaryngeal articulation (e.g., Korean tensed vs. lax sibilants) may employ a different aerodynamic relation between intraoral pressure and flow (Cho et al., 2002) . Models of speech production governing only local articulatory constriction motions of the upper vocal tract do not account for tension of articulators such as the lips and cheeks concomitant with the changes in air pressure. Here we hypothesize that muscle activations increase in the articulators themselves in anticipation of greater air pressure for constriction motions have great intraoral air pressure.
Further to the studies of the perioral muscles in Gick et al. (2012) , we tested for compression of the lips themselves in bilabial oral stops. Increased lip compression is exepcted to ancitipate movement events associated with increased intraoral air pressure.
To test this, lip kinematics and electromyography (EMG) were recorded and measured for lip movements with and without intraoral pressure (vocalized speech, mouthed speech and non-speech movements) in an experimental paradigm. Biomechanical simulations were also conducted to examine whether the relationship between lip muscle activations and intraoral pressure is reactive or anticipatory.
PRODUCTION EXPERIMENT

Methods
Data were collected and analyzed from nine participants (3 male and 6 female; M = 23 years, SD = 4.2 years). All were native speakers of North American English. All participants signed an informed consent form and were naïve to the hypothesis under investigation.
Participants were seated and instructed to look straight ahead at a computer monitor (Acer, X223W, 22", 60 Hz referesh rate) at a distance of approximately 1.5 meters, and to respond to an acoustic stimulus by performing one of the three tasks as quickly as possible. The tasks in the three testing blocks were as follows: (1) non-speech lip movement, (2) mouthed speech, and (3) vocalized speech. The order of these blocks was fixed so that no linguistic information or task difference would interfere with or influence participants' preparation and execution strategies. In the "lip movement" condition, participants were asked to perform a non-speech mouth opening task in response to the acoustic stimulus. The second ("mouthed") condition required participants to mouth a silent [ba] with no vocalization in response to the acoustic stimulus. In the "vocalized" condition, participants were asked to produce a vocalized syllable [ba] as quickly as possible when they heard the stimulus. In both mouted and vocalized conditions, a visual display of the syllable [ba] was presented on the monitor concurrently with the acoustic stimulus. Throughout the testing session, participants were asked to start with their mouths closed as if they were at rest (i.e., no lip compression during preparation).
All trials began with a warning tone played directly from the computer's sound card lasting 100 ms in duration. The acoustic imperative stimulus followed the warning tone by a random foreperiod of between 1,500 and 2,500 ms. This signal was a control stimulus (80 ± 2 dB, 100 ms, 1,000 Hz). The acoustic stimuli were audibly distinct from the warning tone and were generated by a customized computer program. The acoustic stimuli were amplified and then presented via a loudspeaker placed directly behind the head of the participant. The acoustic stimulus intensities were measured using a sound level meter (Cirrus Research model CR:252B, "A" weighted scale, impulse response mode) at a distance of 30 cm from the loudspeaker (approximately the distance to the ears of the participant).
Participants performed a single testing session of approximately 20 minutes. The testing block consisted of twenty trials.
Participants performed the tasks with three infrared light-emitting diodes placed on the center of the upper lip, the lower lip, and the bridge of the nose. 3D positions of these diodes were monitored by OPTOTRAK (Northern Digital Inc., Waterloo, Ontario) motion analysis system (spatial resolution 0.01 mm). The data collected from the bridge of the nose were considered as a reference marker for the other two landmarks. The OPTOTRAK was placed above the computer monitor that was used to display the syllable [ba] . The 3D positions of the upper and lower lips were sampled at 500 Hz. Raw data from the OPTOTRAK were converted into 3D coordinates and digitally filtered using a second order dual-pass Butterworth filter with a low-pass cutoff frequency of 10 Hz.
Bipolar surface EMG electrodes (Therapeutics Unlimited Inc., Iowa City, IA) were attached at four different locations: above and below the vermilion border of the upper and lower lip, and over the left and right SCM muscles. The EMG electrodes were placed parallel to the line of force of the muscles. A ground electrode was placed on the right ulnar styloid process. A wired lapel microphone was pinned onto the collar of the participant in order to record the response. Acoustic data were collected by the wired lapel microphone through a Preamp (USBPre Microphone Interface for Computer Audio, Sound Devices, LLC) before analyses. A customized LabView ® computer program controlled the stimulus presentation and the collection of EMG and acoustic data at a rate of 4 kHz (National Instruments, PC-MIO-16E-1). Data collection began 500 ms before the presentation of the stimulus and continued 2,000 ms after the imperative stimulus.
The voluntary movement onset was visually marked as the beginning of a continuous movement (either a rising movement for the compression or a downward movement for the opening) after the stimulus. A baseline location of the lower lip was determined by averaging the locations 100 ms prior to the voluntary movement onset. The compression displacement of the lower lip was defined as the differences between the peak and the baseline locations. Results were examined via paired t-tests across different conditions.
Results
Results showed that the highest lip compression rate was observed in the vocalized condition, followed in turn by the mouthed and lip movement conditions (Table 1) . Over 90% of the vocalized trials involved lip compression, while compression was only observed in half the mouthing trials and even less for non-speech lip movement trials. Meanwhile, the vocalized trials also demonstrated the most significant compression displacements (Table 1) . Pair-wise comparisons found that the lip compression for the vocalized condition was significantly different from both the mouthed and lip movement conditions (p = 0.03 and p = 0.01, respectively) whereas no difference between the mouthed and lip movement conditions was found (p = 0.9). 
SIMULATION
A 3D finite-element method (FEM) facial model developed within the Artisynth simulation toolkit (Stavness et al., to appear) was used to help interpret our results. Detailed properties of the face model were described in Gick et al. (2012) .
First, activations of orofacial muscles, including marginal orbicularis oris, mentalis, and risorius, were manually set to simulate a flat bilabial closure. An intraoral pressure of 2.5 kPa (Derrick et al., 2009 ) was applied to simulate force normal to the inside surface of each component element of the cheeks and lips. In the first simulation, the muscle activations for the closure and the implementation of intraoral pressure were initiated at the same time (Table 2) , simulating lip compression anticipating the buildup of pressure. The second simulation applied the same muscle activations and intraoral pressure but with a latency of 100 ms between the implementation of the intraoral pressure and the activation of the lip muscles. This is to simulate a responsive lip closure to the intraoral pressure. 
RESULTS
Simultaneous activations of the orofacial muscles and intraoral pressure yielded substantial lip compressions (Figure 1 ). This lip compression resulted from the anticipation to the intraoral pressure. The lip closure was compromised if the orofacial muscles were to respond to the implementation of the intraoral pressure (Figure 2 ). 
DISCUSSION
The results from the experiment supported our hypothesis that anticipatory lip muscle activations are essential to the production of bilabial stops in which intraoral pressure is mandatory. Such lip compressions were not guaranteed when lip movements require no/limited intraoral pressure. The interpretation of this compression as anticipatory rather than responsive was grounded by a biomechanical simulation. The experimental results and the 
